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We report on the synthesis, crystal structure, and magnetic properties of a previously unreported
Co2+ S = 3
2
compound, (C4H12N2)[CoCl4], based upon a tetrahedral crystalline environment. The
S = 3
2
magnetic ground state of Co2+, measured with magnetization, implies an absence of spin-orbit
coupling and orbital degeneracy. This contrasts with compounds based upon an octrahedral and even
known tetrahedral Co2+ (Ref. 1) based systems where a sizable spin-orbit coupling is measured. The
compound is characterized with single crystal x-ray diffraction, magnetic susceptibility, infrared, and
ultraviolet/visible spectroscopy. Magnetic susceptibility measurements find no magnetic ordering
above 2 K. The results are also compared with the previously known monoclinic hydrated analogue.
INTRODUCTION
Molecular magnets containing 3d transition metal ions
have played a central role in the creation of new mate-
rials and guiding theory owing to the interplay between
orbital and spin magnetism and the ability to tune both
degrees of freedom through the surrounding ligand field
environment.[2] It is the aim of this work to find new
quantum molecular magnets which will aid in the under-
standing of strongly correlated and quantum phenomena.
Co2+ (d7) compounds have provided an excellent start-
ing point for the creation of model low dimensional
magnets owing to the delicate interplay between orbital
properties and the surrounding crystalline electric field
environment.[3–5] Due to the orbital degree of freedom,
magnets based upon Co2+ in an octahedral field tend to
be excellent realizations of low spin magnets which dis-
play strong quantum fluctuations. [6] The basic orbital
properties of Co2+ are summarized in Figure 1 for both
octahedral (Dq > 0, where 10Dq ≡ ∆ is the splitting
between the t2g and eg levels) and tetrahedral (Dq < 0)
coordination. [7–9] Co2+ in an octahedral environment
has an orbital degree of freedom resulting in an orbital
triplet ground state (with an effective orbital angular mo-
ment l˜ = 1) with a spin S = 32 . Spin-orbit coupling
splits this twelve-fold degenerate state into a doubly de-
generate ground state with an effective j = 12 and two
excited states with j = 32 and
5
2 .[10, 11] This doubly de-
generate ground state has been exploited to study the
magnetic response of low-spin chains in CoNb2O6 and
CsCoX3 (with X=Br and Cl) salts where low-energy fluc-
tuations within the doublet j = 12 manifold reside well
below the j = 32 level set by spin-orbit coupling.[12–14]
These systems have been used to study the physics of the
S= 12 Ising chain.
It is interesting to search for S = 32 low dimensional
magnets given that these systems are not obviously clas-
sical or quantum mechanical (see for example, Ref. 15
which discusses the relation between spin size and quan-
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FIG. 1. The Tanabe-Sugano diagram and orbital states for
octahedral (Dq > 0) and tetrahedral (Dq < 0) crystalline
electric field environments. The orbital degeneracy in an oc-
tahedral crystalline field results in a spin transition from a 4T1
(high spin - HS) state to a 2E (low spin - LS) state for large
values of Dq. For negative values of Dq (tetrahedral environ-
ment), the orbital triplet is replaced by a singlet state (4A2)
with a S = 3
2
. However, real systems display a coupling be-
tween this singlet ground state and the excited orbital triplet
resulting in a ground state orbital degeneracy. The diagram
was calculated taking the Racah parameters B and C to be
the free ion values of 0.12 eV and 0.56 eV respectively (see
Ref. 6 for discussion and further definitions). This work is
centred around the goal of discovering new S = 3
2
Co2+ mag-
nets based on a tetrahedral crystal field (Dq < 0, left side of
the plot).
tum corrections). As reviewed in Figure 1, Co2+ in a
tretrahedral environment possesses a spin state of S = 32
and this can be modelled by reversing the sign of the
crystal field splitting. In a tetrahedral environment, the
orbital degeneracy and complications due to spin-orbit
coupling present in the 4T1 octahedral state are removed
and replaced by an orbital singlet 4A2 state with S =
3
2 .
Despite this expectation based upon crystal field argu-
ments, Co2+ in a tetrahedral environment typically does
display an orbital degree of freedom [16–18] complicating
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2the system and the ability to apply such model magnets
to test theories described above.
In this report, we discuss the magnetic and structural
properties of Co2+ in a series of piperazine based molec-
ular magnets. We will show that the magnetic ground
state of these systems lack a strong measurable orbital
degree of freedom making them candidate model exam-
ples of S = 32 magnets. This paper is divided into five
sections including this introduction. We first note the so-
lution based synthesis of the previously unreported Co2+
(C4H12N2)[CoCl4] compound and compare this with the
known growth of the hydrated version. We then present
the crystal structure and magnetic susceptibility illus-
trating the underlying S = 32 nature of this compound.
We finally present spectroscopic data measuring the or-
bital transitions and compare these with other Co2+
tetrahedrally based compounds.
SYNTHESIS
Motivated by piperazine based Cu2+ quantum
magnets, we investigated similar Co2+ based com-
pounds. [19] Piperazinium Tetrachlorocobaltate Mono-
hydrate (C4H12N
2+
2 ·CoCl2−4 ·H2O - denoted as PTCM ,
for the remainder of this paper) was originally reported
by Tran Qui and Palacios and is monoclinic (space group
P21/a) with a=14.017 A˚, b=12.706 A˚, c=6.559 A˚, and
β=87.21◦.[20] The structure consists of tetrahedrally co-
ordinated Co2+ and piperazinium layers coupled only
through hydrogen bonding. The Co2+-Co2+ distances
are large (the drawn bond lengths labelled J in Figure
2 b) are ∼ 6-7 A˚), particularly in comparison to other
Co2+ materials such as CoO where the Co2+-Co2+ dis-
tances are ∼ 3-4 A˚.[21] Because of the large distances
the magnetic properties were not characterized and the
tetrahedra considered as isolated. Based on evapora-
tion out of solution, we were able to synthesize either
PTCM or the previously unreported linear chain vari-
ant (C4H12N2)[CoCl4] (termed PTC during this report).
CoCl2 and piperazine (C4H10N2) were mixed in a solu-
tion in a 1:4 molar ratio. Piperazinium is the conju-
gate acid of the basic piperazine building block and is
formed upon protonation in HCl. Therefore, both com-
pounds were dissolved separately in concentrated (37%)
hydrochloric acid and then mixed in a single solution.
We initially followed the synthesis procedure for Cu2+
quantum magnets based on piperazine and found two
classes of molecules depending on the synthesis proce-
dure. The evaporation temperature and hydrated nature
of the CoCl2 were found to be key to whether crystals
of PTCM or PTC were produced. Rapid evaporation
(temperatures between 60 ◦ and 200 ◦) formed PTC nee-
dle crystals. Typical lengths were 3-5 mm, however crys-
tals up to a few centimetres in length were also synthe-
sized (Figure 2 a)). Anhydrous CoCl2 was found to al-
FIG. 2. a) displays the structure of (C4H12N2)[CoCl4] -
“PTC” with inter (J1) and intra (J2) exchange pathways
highlighted. b) compares this to the structure of -“PTCM”.
The lower panel shows typical crystal morphologies on mil-
limetre scaled paper.
ways produce PTC crystals while hydrated versions were
found to produce PTCM (PTC) from low (high) tem-
perature evaporation. The needle-like nature of PTC
contrasts with the cuboid nature of PTCM formed at
lower temperatures (Figure 2 b).
SINGLE CRYSTAL X-RAY DIFFRACTION
Single crystals of both PTCM and PTC were isolated
and their structures were studied via single crystal x-ray
diffraction as summarized in Tables II and III. Experi-
mental information is provided in Table I. The structure
of PTCM was verified, using a similar experimental con-
figuration to that listed in Table I, to be the same as re-
ported previously. [20] PTC was found to be isostructural
with the Zn analogue reported by Sutherland et al.[22]
The spacing between the tetrahedra in the lattice envi-
ronment shows an anisotropy in one direction which has
led us to investigate whether this is a candidate S = 32
chain. The distance between the tetrahedra for the two
nearest neighbours is given in Table III, whereas the next
largest directions are 8.32 A˚ and 8.12 A˚. The difference
between J1 and J2 defines the growth direction in Fig-
ure 2. This contrasts with PTCM which has a definitive
three dimensional structure.
3TABLE I. Single crystal X-ray diffraction data for PTC taken
with a Bruker APEX-II CCD diffractometer at room temper-
ature.
Space Group P212121
a (A˚) 8.2876(6)
b (A˚) 11.1324(9)
c (A˚) 11.9121(9)
Crystal System orthorhombic
Volume (A˚3) 1099.02(15)
Z 4
Formula weight 288.89
Calculated density (mg/mm3) 1.746
λ Mo Kα (A˚) 0.71073
Monochromator graphite
no. of reflections collected 40260
no. of independent reflections 4190
Absorption coefficient (mm−1) 2.480
F(000) 580.0
R1, wR2 (%) 4.35, 7.40
R1 =
∑ ||F0| − |Fc||/∑ |F0|
wR2 =
(∑[
w(F 20 − F 2c )2
]
/[w(F 20 )
2]
)1/2
TABLE II. The fractional coordinates (× 104) for the Co and
Cl positions in PTC.
Atom x y z U(eq)
Co1 2285.4(3) 358.0(2) 5918.4(2) 32.79(7)
Cl1 4362.5(6) -977.8(5) 5941.7(5) 39.06(11)
Cl2 2378.7(6) 1419.6(4) 7541.6(4) 36.25(11)
Cl3 2513.9(7) 1501.7(5) 4360.4(4) 43.21(13)
Cl4 -136.2(6) -658.4(5) 5981.7(5) 38.67(11)
MAGNETIC SUSCEPTIBILITY
Magnetic susceptibility measurements were performed
on a Quantum Design MPMS system. Figure 3 a) illus-
trates a plot of the magnetization as a function of mag-
netic field along directions parallel to the chain axis and
perpendicular. The high field limit tends towards∼ 3 µB ,
consistent with expectations based upon Co2+ in a tetra-
hedral crystal field environment with S = 32 . Panel b) il-
lustrates plots of the susceptibility and inverse for PTC
and PTCM , respectively, showing no sharp anomaly in-
dicative of magnetic order above 2 K. A Curie fit (χ ∝ 1T )
for PTC gives a moment of 3.7 µB , in close agreement
to the expected result for S = 32 of 3.9 µB . The mo-
ment is consistent with weak or negligible mixing with
the excited 4T2 (Fig. 1) state and non-measurable spin
orbit coupling (λ) which would be reflected by an en-
hanced effective moment of µ = 3.89− 1.559 λ|Dq| (with λ
TABLE III. Two shortest Co2+-Co2+ (J1,2), neighbour dis-
tances, and angles for the Co2+ and Cl− positions for
(C4H12N2)[CoCl4] (termed PTC in the main text) refined
in orthorhombic P212121 space group with cell parameters
a=8.2876(6)A˚, b=11.1324(9)A˚, c=11.9121(9)A˚.
Co-Co(J1) 6.043(1) A˚ Co-Co(J2) 7.743(1)A˚
Co1-Cl1 2.2749(6) A˚ Co1-Cl2 2.2674(6)A˚
Co1-Cl3 2.2586(6) A˚ Co1-Cl4 2.3052(6)A˚
Cl1-Co1-Cl4 109.73(2)◦ Cl2-Co1-Cl1 107.73(2)◦
Cl2-Co1-Cl4 104.93(2)◦ Cl3-Co1-Cl1 108.36(2)◦
Cl3-Co1-Cl2 113.83(2)◦ Cl3-Co1-Cl4 112.12(2)◦
negative). [1, 23] The lack of substantial spin orbit cou-
pling is different from previously studied tetrahalo com-
plexes. [24]
The g factors were derived from fits to the suscepti-
bility (Fig. 3) to be g||=2.49 and g⊥=1.61. [25, 26] The
powder average, g˜ ≡ 13g|| + 23g⊥=1.90, is in agreement
with the expected value of 2 and confirms the lack of any
mixing and spin-orbit coupling. The ratio g||/g⊥=1.6
is close to the value of 1.8 derived from M vs H data
(Fig. 3 a) using Brillouin functions. The anisotropic
ratios of g may reflect the slight crystallographic distor-
tion of the tetrahedron. As seen in Fig. 3, the suscep-
tibility is described by a Curie term and a temperature
independent term χ ∝ 1T + A. The results were con-
sistent with zero or negligible Curie Weiss temperature
indicating very weak interactions, analogous to Cs3CoCl5
and Cs3CoBr5, with tetrahedrally coordinated Co
2+ with
similarly large Co2+-Co2+ distances.[27]
UV-VIS AND IR SPECTROSCOPY
Given the lack of any spin orbit coupling, in contrast
to previous tetrahedrally coordinated Co2+ complexes,
we investigated the crystal field excitations to determine
the orbital levels and compare them with previous Co2+
compounds. To extract the crystal field splitting and
determine the energy scale of the orbital transitions for
comparison with previous work, we performed both UV-
Vis and IR spectroscopy. UV-vis data were recorded in
solution using a JASCO V-670 Series spectrophotometer.
Infrared spectra (400 - 8000 cm−1) were recorded with a
Bruker Vertex 70 FTIR spectrometer (TGS detector, 4
cm−1 resolution, 64 scans) using attenuated total internal
reflection (ATR) by a Bruker Platinum ATR accessory
with a diamond ATR element.
The results for both experiments are illustrated in Fig-
ure 4. Two broad excitations are observed at ∼ 0.7 eV
and 1.8 eV. Following the systematic work by Cotton et
al. [1], we assign these transitions to excitations from
the 4A2 orbital singlet to excited
4T1 orbital triplets.
4a)
b)
PTCM
FIG. 3. a) plots the magnetization of PTC as a function of
applied field parallel and perpendicular to the chain axis. The
dashed lines are fits to a Brillouin function to extract a check
for the g factors derived from the temperature dependence.
The curves tend to ∼ 3 µB as expected given the crystalline
electric field environment. As confirmed by the fits, the satu-
ration field is larger than the 7T field range probed. b) shows
the susceptibility and inverse susceptibility for both PTC and
PTCM . The solid lines are fits to a Curie type susceptibility
(∝ 1
T
+A).
Based on the energy positions and the Tanabe-Sugano
diagram (Fig. 1), we estimate that the crystal field split-
ting Dq/B ∼ 0.3 implying ∆ ≡= 10Dq ∼ 350 meV (∼
2800 cm−1). It is interesting to note that the crystal field
splitting is significantly less than octahedral variants such
as NiO and CoO where 10Dq ∼ 1 eV. [3, 10, 28–30] The
excitations are nearly identical (though slightly lower in
energy) to those presented in the chlorine variants [1]
where mixing between orbital states was implicated as
the origin of a spin orbit coupling resulting in magnetic
moments ∼ 4 µB being observed. Similar effects can be
seen in other 4-coordinated cobalt compounds. [31, 32]
Contrasting to these compounds, (C4H12N2)[CoCl4] is
FIG. 4. The IR and UV-Vis spectra for PTC illustrating
electronic transition at ∼ 0.7 eV and at ∼ 1.8 eV. Following
previous studies based upon Co2+ in a tetrahedral environ-
ment, we assign both of these transitions as excitations from
the ground 4A2 orbital singlet to the excited
4T1 orbital levels.
an ideal example of an ionic material where no orbital
mixing is present and the magnetic ground state is in a
S = 32 state with no spin orbit coupling.
SUMMARY
We have presented data on (C4H12N2)[CoCl4] - a
S = 32 weakly coupled linear chain based upon Co
2+ in
a tetrahedral environment. The compound displays no
strong spin orbit coupling and accommodates a S = 32
ground state. While, as noted above, most systems with
Co2+ in tetrahedra coordination display strong orbital
effects as evidenced through large magnetic moments,
there are some other counterexamples. Most notably,
Co2+ in a square planar environment results in a low-
spin configuration. [33] Divalent Co2+ complexes sup-
ported by the [PhB(CH2PPh2)3]
− ligand also display
small magnetic moments and hence small spin orbit ef-
fects. [34] These complexes, similar to the compounds
described here, were slightly distorted indicating the im-
portance of a distortion away from a perfect tetrahedron
to accommodate an S = 32 ground state.
In summary, PTCM and PTC crystals were both syn-
thesized using fast and slow evaporation techniques re-
spectively. Both crystals have magnetic properties deter-
mined by the cobalt ion Co2+ with a d7 electronic con-
figuration in a tetrahedral environment. The resulting
ligand environment forces the Co2+ ion into an orbital
singlet state removing the effects of orbital degeneracy
and spin-orbit coupling present in the octahedral coun-
terpart. Susceptibility measurements find no observable
magnetic order above 2 K in either PTC or PTCM and
5are consistent with weak exchange in both systems. It
would be interesting to pursue magnetic studies of simi-
lar systems which show significant exchange coupling as
excellent realizations of marginal model quantum mag-
nets. These compounds might prove to be useful model
systems for testing theoretical predictions of quantum
magnetism, e.g. measuring quantum fluctuations directly
with neutron scattering.
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